Abstract: Stimuli-responsive peptide gels are a growing class of functional biomaterials that are involved in many applications in research. Here, we present a novel di-peptide hydrogel from the compound Boc-Phe-Trp-OH in various buffer and pH conditions. We examine the effects of different stimuli including temperature and pH on the mechanical strength of the gels through frequency rheology studies. We found that this hydrogelator is highly pH dependent only forming a gel in a narrow range of pH 6-7. This hydrogelator hold promise for the development of new stimuli-responsive biomaterials for specific applications that require this type of specific stimuli.
Keywords: Hydrogel, peptides, stimuli-responsive, pH-dependent gelation, rheology D r a f t Introduction: Peptide-based supramolecular gels are functional materials that have been the subject of research due to their versatility and their wide range of applications in many fields. 1 They can be studied in materials science, catalysis 2, 3 , drug delivery 4 , environmental studies 5, 6 , tissue engineering 7, 8 , and in supramolecular chemistry. The formation of self-assembled gels by low-molecular-weight gelators involves noncovalent interactions such as hydrogen bonding,  interactions, hydrophobic interactions, and van der Waal interactions. These noncovalent interactions are responsible for forming self-assembled three-dimensional nanofibrillar network structures. Low molecular weight peptide gelators possess advantages over other polymeric gels due to their ability to form reversible supramolecular assemblies through interactions in response to various stimuli such as light, pH, and temperature. 9 Amino acids possess a number of interesting features, among them their ability to engage in hydrogen bonding and metal binding makes them attractive targets. 10 Among the 20 common amino acids, tryptophan (Trp) plays a key role in proteins because of its unique properties including having the largest accessible nonpolar surface, an indole NH moiety that is capable of hydrogen-bond donation, and being the amino acid having the greatest electrostatic potential for cation- interactions. 11 As was previously demonstrated, the tryptophan NH can be involved in hydrogen bonding and can play an important role in the supramolecular assembly in the solid state and in the gel state. 10, 12 In addition, the amino acid phenylalanine is heavily reported in the formation of supramolecular gels including hydrogels as they readily self-assemble. Xu et al. reported a metallohydrogelator composed of the amino acids Phe-Phe-Leu. 13 Not only does this compound self-assemble in water to form a hydrogel but it was also able to exhibit a sol-gel transition upon oxidation of the metal center. In addition, Zhang et al. reported a Fc-Phe-OH compound capable of forming a hydrogel with multi-stimuli responsive properties such as chemical redox and pH. 14 This served D r a f t as a guideline when designing novel hydrogels as we incorporated both tryptophan and phenylalanine amino acids into our peptide sequence for the potential of forming hydrogels.
Stimuli responsiveness is an attractive property and is based on a change in peptide secondary structure, solubility and their intermolecular interactions. Temperature is a very common stimulus for gelation and allows for cycling between the gel and sol phases without degradation of the active material. For example, Xu et al. observed that an increase in temperature induced hydrogel formation in Fmoc-Ala-Ala. 15 In this study, temperature as a stimulus for gelation is reported. Another common stimulus includes pH. pH has been reported to be the simplest chemical stimuli that impacts gelation as a slight change in pH can have a large effect on the transition into a gel or back into solution. 3 Hydrogen bonding motifs are strongly influenced by pH as the intensity and strength of the hydrogel bonding interactions are affected leading to the collapse of the supramolecular gel when an acid or base is added. For example, Fmoc-Phe-Phe hydrogel formation is triggered by lowering the pH, resulting in the formation of a fibrous network. 16 Here, we report a dipeptide gelator and its ability to form a hydrogel in response to various pH as a stimulus. The rheological properties including self-healing abilities were explored and these mechanical properties were compared in different pH values to show the effect. The intermolecular hydrogen bonding interactions were investigated using circular dichroism (CD) by comparing the peaks in gel and sol state. In addition, the morphology of the hydrogelator was explored using transmission electron microscopy (TEM) and was reported to have an optimal nanofiber matrix, which is commonly reported for peptide gels. These gels were designed with future experiments in mind including the exploration of the gels as a biomimetic scaffold for the entrapment of biological compounds. These gelator molecules hold promise for D r a f t the development of new self-assembling biomaterials, and for the potential use in a variety of biomedical applications.
Results and Discussion:
Stimuli-responsive gelation studies Boc-Phe-Trp-OH (1), was synthesized using standard carbodiimide coupling procedures using the amino acids phenylalanine and tryptophan, in the presence of HOBt. 17 A synthetic scheme of the peptide is shown in figure 1 and its full characterization is found in the SI. The self-assembling behavior of the di-peptide conjugate was explored in a variety of buffers.
When a hot solution of compound 1 in buffer cooled to room temperature, a viscoelastic gel was obtained. Compound 1 was found to form a gel in various buffer conditions in a specific pH range between 6-7 (figure 2). Acidic pH or basic pH did not support hydrogel formation. The gelation information for compound 1 including the minimum gelation concentration (MGC) and the melting temperature of the gel (T gel ) are reported in Table 1 . A list of the possible buffers tried and a range of pH can be found in Table S1 . Frequency sweep experiments were performed to study the mechanical strength of the gels (Figure 3 ). For a typical viscoelastic gel, the storage modulus G' remains higher than the loss modulus G''. 18 From the data shown in Figure 3 a-d, the frequency sweep experiment for the compound was shown to be a gel as G' was greater than G". The tan  value (G''/G') is a measure of gel elasticity that measures the energy loss owing to viscous flow compared to D r a f t energy stored. 19 A lower tan  value indicates a stronger gel. Here, we compared the mechanical properties of the Phe-Trp gel at different pH to see the effects of the stimulus. It was found that the hydrogel in phosphate buffer at pH 6 was the strongest indicated by the lowest tan  value of 0.064 for 0.1 M and a tan  value of 0.065 for 0.01 M (table 1) . The gel no longer formed when the pH decreased or increased proving that it is highly pH dependent and sensitive. In HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) and TRIS (tris(hydroxymethyl)aminomethane) buffer, however, the gels only formed at pH 7 further proving is pH sensitivity. These hydrogels gave a tan value of 0.089 and 0.072 for HEPES and TRIs buffer, respectively (table 1) Step-strain experiment of compound 1 e) in 0.1 M phosphate buffer pH 6 exhibiting self-healing properties. f) in HEPES buffer pH 7 exhibiting self-healing properties.
Self-healing experiments were also performed, in which strain was applied to the gel causing the gel to revert to a solution phase. Self-healing gels that can restore their functionalities and structures after damage have been developed as "smart" soft materials. 20 The strain was then removed to see if the gel reformed. Interestingly compound 1 exhibited self-healing abilities and the data in Figure 3 e-f confirms that compounds 1 forms a self-healing gel. In the first cycle in D r a f t which 0.1% strain is applied G' is greater than G", confirming it is a gel. In the second cycle,
100% strain is applied and we observed that G" was then greater than G', causing it to go to sol state. When the strain was removed and set to 0.1% in the third cycle, the storage modulus was again greater. This behavior is reversible and repeated stress cycles do not alter the gel's ability to reform into a gel.
Supramolecular state
To further confirm the self-assembled state of the compound, circular dichroism (CD) spectroscopy was performed. CD spectroscopy is a valuable technique that can be used to determine molecular chiral arrangements in a self-assembled state. 21 CD experiments in the gel and sol state of each compound were performed to study the effect of molecular structure on supramolecular aggregation (Figure 4 ). 22 The intermolecular interactions give rise to CD bands that are much more intense in the self-assembled state. Bands below 300 nm arise from chiral amino acids. Individual molecules assemble into larger chiral supramolecular aggregates which give rise to higher ellipticity. 10 As shown in figure 4 , the CD spectra for the gel state (blue)
shows a much more intense spectrum speaks compared to sol state (black). The increase in intensity is due to the formation of a supramolecular structure.
D r a f t Figure 4 : CD spectrum of compound 1 in sol and gel state. An increase in intensity of the peaks in supramolecular state is seen compared to the sol state.
Morphological Investigation
To investigate the morphological features of the self-assembling peptide conjugates, transmission electron microscopy (TEM) studies were performed ( Figure 5 ). For this experiment, compound 1 was dissolved in phosphate buffer, followed by a temperature-triggered gelation.
TEM images of compound 1 show the presence of a nanofiber matrix which is optimal for hydrogel formation. Fibril structures have also been reported as the main morphological structure of relatively strong gels. 8, [23] [24] [25] [26] [27] Figure 5: Inverted vial test of the compound 1 as a hydrogel and a TEM image of the gel showing a nanofiber matrix at room temperature.
Conclusion
The construction of three self-healing supramolecular gels from the amino acids phenylalanine and tryptophan was investigated in this study. The compound exhibited many interesting properties including supramolecular gel formation, self-healing abilities, and temperature and pH response. A nanofiber network formation is reported as the main morphology, which is optimal for peptide gels. We also further emphasize the attractive properties of the amino acid Trp as it is an interesting amino acid that is not heavily reported in gels. FTIR Spectroscopy FTIR spectra of the compound were recorded in the range 3400-1400 cm -1 using a Bruker Alpha FTIR spectrometer equipped with a diamond for attenuated total reflection. A wet viscous sample was prepared by dissolving compound 1 in phosphate buffer, forming the gel, then keeping the samples under vacuum to dry.
Transmission Electron Microscopy
The morphology of the self-assembled compound 1 was studied using TEM. The sample was prepared by depositing a small amount of a viscous solution of compound 1 in phosphate buffer, followed by sonication, on a copper TEM grid (300 mesh size) coated with Formvar and a carbon film. The grid was allowed to dry by slow evaporation in air and then further dried in a vacuum for 24 hours. Images were acquired using a Hitachi 7500 transmission electron microscope at room temperature.
Circular Dichroism Spectroscopy D r a f t CD spectroscopy was used for determining the chiral molecular arrangement of its supramolecular assemblies, in gelling (phosphate buffer) and non-gelling (methanol) solvents.
CD spectra were recorded between 165 and 600 nm using a Jasco J-810 spectrometer.
Experiments were performed by placing the gel-like viscous materials obtained from compound 1 into a quartz cuvette of 1 mm path length.
